Abstract
Introduction

77
Human activity shapes the microbial communities residing in urban environments. In particular, 78 urban sewage systems are designed to evacuate human wastes from the houses to areas of low human 79 exposure and gradually reinstate them into natural watercourses such as creeks, beaches or the sea. This cycle 80 is of tremendous importance for public health as waste waters can be reservoir and vehicle for the 81 transmission of pathogenic bacteria and antibiotic resistance mechanisms. Indeed, the rapid emergence and 82 spread of pathogenic bacteria with extensive antibiotic resistance has been recognized by the World Health
83
Organization as a top health issue [1] , since water can easily move microorganisms between humans and 84 other animal species. Accordingly, the analysis of environmental waters is being adopted as an effective 85 method to monitor the dynamics of antibiotic resistant pathogens [2] , as this kind of environments can play a 86 role as important as clinical settings for the selection of antibiotic resistance [3] .
87
Recent advances in high-throughput sequencing (HTS) and computational biology now allow the 88 exploration of microbial communities based on culture-independent approaches using metagenomics. This 89 enables us to quantify and functionally characterize environmental microbiomes with unprecedented precision 90 and comprehensiveness [4] . Indeed, the very recent implementation of this methodology to explore the 91 microbial diversity in the built environment is providing a completely new layer of information to be 92 integrated in the management of cities, potentially assisting decisions that range from urban design to public 93 health [5, 6] . In particular, urban sewage or beach water systems have been previously characterized using 94 metagenomics not only focused on uncovering ecological patterns [7] but also in characterizing pathogenic 95 and antibiotic resistant bacteria [8, 9] . However, the joint analysis of bacterial communities present at the same 96 time in the sewage and beach waters from the same metropolitan area remains to be explored in depth.
97
Sewage waters have been shown to accurately reflect the population's gut microbiota composition 98 [10] , raising the possibility of using metagenomics to directly gain information about infection dynamics [11] .
99
Additionally, beaches are important for recreational use but also are frequently recognized as risky 100 environments for the contagion and transmission of bacterial infections [12] , particularly if they are 101 constantly or sporadically impacted by sewage spillovers. Accordingly, we performed a cross-sectional 102 shotgun metagenomic analysis along the urban coast of Montevideo, the capital of Uruguay, aiming to 103 characterize bacterial communities present in the sewage and beach water. Our study represents the first of 104 that kind in a South American city and is the kick-off towards the incorporation of metagenomics in the 105 surveillance of microbiological risks at city scale.
Results
Composition of sewage and beach communities. First, we explored the structure of microbial communities present in our beach and sewage samples using a multiset k-mer counting approach. This strategy provides an 111 unbiased view that is not affected by taxonomic or functional assignment, conversely, it just evaluates the 112 differential abundance of unique DNA segments [13] . Figure 1A shows a clustering analysis based on this 113 methodology that shows a complete discrimination between sewage and beach samples, suggesting 114 substantial differences in the composition of communities in these environments. Second, we confirmed the 115 observed discrimination from a taxonomic point of view by calculating relative abundances of bacterial 116 species present in each sample using an approach based on the identification and quantification of marker 117 genes [14] . Figure 1B shows a dendrogram based on beta diversities (between samples) calculated using the 
130
Resistance Database (CARD) [15] because is currently the most up-to-date and manually curated resource for 131 ARGs detection. We found that 108 out of 2177 (~5%) ARGs had hits in our samples and they belong to 10 Fig. 2A) . Indeed, only elfamycin resistance was present in beach but 141 absent in sewage samples. On the other side, the occurrence of resistance mechanisms for aminoglycosides, 142 betalactams, tetracyclines, sulfonamides, macrolides and streptogramins was significantly greater (p < 0.01, Distribution of ARGs in mobile elements. As a general trend, we found that ARGs present in our samples were more prevalent in plasmids than in bacterial chromosomes. Specifically, ARGs for sulfonamides, 147 betalactams, aminoglycosides, phenicols, macrolides and streptogramins were more prevalent in plasmids 148 than in bacterial chromosomes (Fig. 3A) . Additionally, plasmids carrying ARGs found in our samples 149 resulted to be extensively distributed among many clinically relevant enterobacteria like E. coli, Salmonella, Klebsiella, Enterobacter, Citrobacter and Acinetobacter, among others (Fig. 3B) . ARGs for tetracyclines, 151 lincosamides, fluoroquinolones and elfamycins were more frequently encoded in chromosomes.
152
We also looked for integrons and found a higher prevalence of them in sewage (74%) than in beach 153 (24%) samples. Furthermore, clinically relevant integron classes 1, 2 and 3 were almost exclusively found in 154 sewage samples (~90%) (Fig. 3C ). Also, we were able to identify cassette ARGs with conserved attC sites 155 associated to 24 out of 39 integrons (61%). These cassette genes mostly coded for multi-drug efflux pumps, 156 but also we found carbapenemases (OXA family), GES extended-spectrum betalactamases (ESBLs), aadA1 
169
These results highlight the importance of urban waters as reservoir and vehicle for VFs responsible of 170 determining well-known pathogenic mechanism in clinically relevant bacteria.
172
Taxa carrying mobile ARGs and VFs are sewage biomarkers. We also aimed to identify bacterial taxa 173 associated to sewage or beach that can explain the observed differences in the composition of the overall 174 bacterial community and their ARGs and VFs repertories. Then, we applied a linear discriminant analysis 175 (LDA) and effect size estimation [17] to determine statistically significant taxa associated to beach or sewage.
176
We summarized the results at the genus level and found 6 genera associated to the beach environment while 177 47 genera were characteristic of the sewage environment (Fig. 4A) . Interestingly, 10 out of 47 (~21%) 178 sewage-associated genera comprise bacterial species that are well-known human pathogens, including found carrying mobile ARGs and VFs.
183
Identification of pathogenic genotypes. To gain further insight on the microbiological risks in these 184 environments, we attempted to resolve the presence of previously reported pathogens at the strain level using 185 metagenome-derived multilocus sequence typing (MLST) [18, 19] . Despite the fact that this method was 186 unable to identify complete previously reported sequence types (STs), the detection of partial allele 187 combinations allowed us to infer the presence of several genotypes of clinical importance. In sewage samples 188 we found three alleles of Citrobacter freundii whose combination determines the ST-209, which has been 189 detected from isolates recovered from diarrheal patients [20] . Also, we detected three alleles from Escherichia 
212
The characterization of urban waters in our capital city revealed a remarkably distinct taxonomic 213 composition of bacterial communities found in sewage and beach environments, suggesting that the sewage 214 system is efficient in evacuating most hazardous microorganisms far away from areas of human exposure. pathogens were found in the sewage but not in beach samples. However, a more dense and longitudinal sampling is necessary to further characterize the dynamics of hazardous microorganisms circulating in these 218 environments. Also, the comparison with metagenomes from hospital effluents along the city would provide a 219 detailed picture of how nosocomial pathogens are being dispersed through the environment. integrons are prone to recombination [36] and genetic plasticity of certain bacteria has been proved to 235 increase under subinhibitory pressures (as those probably found in the environment) with certain antibiotics 236 [37] , so the city sewage should be also considered as a birthplace for new antibiotic resistance mosaics 237 mediated by recombination and horizontal gene transfer.
238
Regarding this, we were able to identify internationally disseminated pathogens like the E. coli ST-239 131 clonal complex, which encompasses multidrug-resistant genotypes with great capacity of recruiting new 240 resistance genes. Also, we uncovered the presence of clinically underestimated bacteria like Arcobacter 241 cryaerophilus, which is today considered an emerging waterborne pathogen and whose resistance to third 242 generation cephalosporins has been already reported [38] . So, the compositional complexity of urban waters 243 where different genotypes and gene repertories can coexist within a fluctuating bacterial community, opens 244 the possibility of using environmental samples to monitor population's health. Accordingly, beyond providing 245 a detailed characterization of individual virulence and antibiotic resistance mechanisms, our study supports 246 the possibility of using high-resolution metagenomics to study the epidemiological dynamics of antibiotic-247 resistant pathogens using urban waters as a proxy at the population-level.
249
Conclusion
250
Our study represents a cross-sectional analysis of a metropolitan area encompassing more than 2.2 million inhabitants and, to the best of our knowledge, constitutes the first work using metagenomics to jointly 253 characterize bacterial communities found in the sewage and beach waters of an entire city.
254
Our approach demonstrated its usefulness to identify antibiotic resistance determinants which were 255 known to be present in nosocomial infections, as well as to uncover the presence of globally-widespread or 256 underestimated pathogens with strain-level resolution. We consider that future longitudinal studies (time-257 wise) will be useful to monitor the fluctuations of bacterial communities, allowing the development of 258 associative models with relevant metadata like outbreak information, rainfall or antibiotic prescription and 259 stewardship.
260
The data generated in this initial study represent a baseline metagenomic characterization of wastewater from the sewage system is poured directly. These sampling points are distributed along the whole 270 coastal line of Montevideo, an uninterrupted system of sandy beaches that spans more than 20 kms (Fig. 1C, 
271
Additional file 2: Table S1 ). The samples were collected all the same day (around 3 hours elapsed from the 272 first to the last). All samples were collected using sterile 200 mL plastic bottles and conserved in ice until they 273 were processed within the same day. bacterial pathogens at the strain-level was performed with metaMLST [19] , that tries to identify multilocus 287 sequence typing alleles directly from metagenomic sequences.
288
First, an unbiased description of the variability among communities in sewage and beach was 289 obtained by running Simka [13] with default parameters. Second, MetaPhlan2 [14] was used to identify 290 species and to determine their relative abundances across samples. Beta diversities were calculated over 291 taxonomic profiles using the Bray-Curtis distance as implemented in the Vegan R package [40] and alpha 292 diversities were calculated using the Shannon index in the base R package [41] .
293
Metagenomes were de novo assembled for each sample with MEGAHIT [42] . Then, contigs over 1 294 kb. were retained and merged at 99% of identity using CD-HIT-EST [43] . Resulting contigs were secondary 295 assembled using Minimus2 [44] requiring a minimum overlap of 100 bp. with at least 95% of identity at 296 contig boundaries. Genes were predicted on the resulting contigs using Prodigal [45] . 
300
Integrons were identified using IntegronFinder [46] . We used MAFFT [47] 
